Abstract-We propose a new detection ordering for the V-BLAST. The main idea is to detect and cancel sub-streams in order of the magnitude of log-likelihood ratio (LLR), i.e. the symbol with the largest magnitude of LLR is detected first. The motivation is that the reliability of data decision increases with increasing magnitude of LLR. As a result, the error propagation associated with a wrong decision and the resulting error probability for the remaining sub-streams can be minimized. It is shown that the proposed LLR-based ordering significantly outperforms the conventional SNR-based ordering. Simplified LLR-based ordering and envelope-based ordering that require a much less computation, but provide a performance virtually identical to the LLR-based ordering, are also proposed.
I. INTRODUCTION
The use of multiple antennas at transmitter and receiver has been shown to provide high spectral efficiencies [1] , [2] . Current transmission schemes using multiple antennas typically fall into two categories: data rate maximization [3] , [4] or diversity maximization [5] , [6] , and some efforts looking at various tradeoffs between multiplexing and diversity have begun recently [7] . The first approach, shown in Fig.1 , is to perform spatial multiplexing by sending many independent signals through multiple transmit antennas. One such approach is the vertical BLAST (Bell Laboratories Layered Space-Time) or V-BLAST [3] , [4] which splits a single user's data stream into multiple sub-streams and uses an array of transmitting antennas to simultaneously transmit parallel sub-streams in the same frequency band.
A popular decoding approach, known as nulling and cancelling, gives a reasonable tradeoff between complexity and performance, but its performance is affected by the order in which the sub-streams are detected and cancelled [4] . The original method detects the sub-stream that presents the maximum signal-to-noise ratio (SNR) and then cancels its contribution from the received signal. Its corresponding channel matrix is then zeroed. For the remaining symbols, the above process is repeated by detecting the next strongest, and so on.
In this paper we propose a new detection ordering for the V-BLAST. The proposed scheme is to detect and cancel sub-streams in order of the magnitude of log-likelihood ratio (LLR). The motivation is that the reliability of data decision increases with increasing magnitude of LLR. As a result, the error propagation associated with a wrong decision and the resulting error probability for the remaining sub-streams can be reduced. We show that the magnitude of LLR depends on the SNR as well as the instantaneous noise. As such, the performance is governed by the peak, as opposed to the mean, channel condition. It is shown that the proposed LLR-based ordering, exploiting the instantaneous noise, significantly outperforms the conventional SNR-based ordering. The BER with the LLR-based ordering that employs four Tx and Rx antenna pairs is shown to be virtually identical to that with the SNR-based ordering that employs eight Tx and Rx antenna pairs, thereby providing a significant saving in implementation complexity. We also present simplified LLRbased ordering and envelope-based ordering that require a much less computation, but provide a performance virtually identical to the LLR-based ordering. This paper is organized as follows. Section II describes the system model, and Section III presents a brief review of V-BLAST. Section IV describes the proposed ordering for binary signaling and it is extended to M -ary signaling in Section V. Section VI presents the simulation results and Section VII contains some concluding remarks.
II. SYSTEM MODEL
The block diagram of the V-BLAST system is illustrated in Figure 1 , where N T transmit antennas send a vector symbol of size N T over a rich-scattering wireless channel to N R (≥ N T ) receive antennas at each symbol time. At the transmitter end, the data stream is partitioned into N T substreams, and each substream is encoded and sent through a different transmit antenna. Each receive antenna receives the signals from all N T transmit antennas.
At each time, the received signal can be written as
where
T is the N R xN T channel matrix whose elements are i.i.d. T is assumed to be an i.i.d. complex Gaussian noise vector with each component having a mean equal to zero and a variance equal to N 0 /2 per dimension. The modulation is chosen to be binary phase-shift keying (BPSK) with coherent detection: {x i } are + √ E s or − √ E s with probability 1/2, where E s is the transmit energy per symbol. An extension to an M -ary signaling will be discussed in Section V.
III. V-BLAST:REVIEW
In this section, we briefly review the V-BLAST detection algorithm. The reader is referred to [3] , [4] for more details. The V-BLAST detection algorithm consists of three parts: interference nulling, interference cancellation, ordering.
where w i is a 1xN R nulling vector, and
where w i n is a complex Gaussian random variable with mean zero and variance ||w i || 2 N 0 /2 per dimension. We getx i by slicing y i , i.e.x i = Q(y i ), where Q(·) denotes the quantization (slicing) operation appropriate to the constellation in use. For example, for BPSK,
Cancelling
Assumingx i = x i , we cancel x i from from y (0) and generate a modified received vector y (1) 
and a modified channel matrix
Ordering
When symbol cancellation is employed, the order in which the components of x are detected is important to the overall system performance [4] . It follows from (4) that the signal-tonoise ratio (SNR) for x i is
The original method calculates ||w i || 2 for all i, and detects and cancels the component of x that minimizes ||w i || 2 , i.e. that maximizes the SN R i .
IV. PROPOSED ORDERING In this section, we propose a new detection ordering based on the LLR. From (4) the LLR Λ i for x i is given by
assuming that x i is equally probable. The sign of Λ i is the hard decision value, and the magnitude of Λ i is the reliability of hard decision. In general, the bit error probability P e,i = P (x i = x i ) and the LLR Λ i is related by
A derivation of (11) is provided in Appendix A. Since P e,i decreases with increasing |Λ i |, the proposed detection ordering is to detect the component of x that provides the largest |Λ i | first, where
Replacing w i n in (13) by its mean, which is zero, and taking the absolute value of Λ i yields 4E s /(||w i || 2 N 0 ), which is proportional to the SNR for x i . Therefore, selecting the component of x providing the largest SNR or equivalently the smallest ||w i || 2 (assuming that the average noise power is a constant, N 0 /2, across all Rx antennas) takes the average noise power into account. However, the proposed ordering exploits the noise term w i n by selecting the component of x for which signs of x i and w i n are are identical, thereby providing a larger LLR magnitude, i.e. a higher reliability. As a result, the performance is governed by the peak, as opposed to the mean, channel condition.
V. EXTENSION TO M -ARY SIGNALING In this section we consider an M -ary signals such that x i in (4) is now in the set {s 1 , s 2 , ..., s M }. Let
be the maximum a posteriori (MAP) decision for the i th symbol, and
be the LLR. Then, it follows from (15) and the equality M m=1 P (x i = s m |y i ) = 1 that the conditional probability of symbol error given y i is
GLOBECOM 
Substituting (19) in (18) yields
Simplified LLR-based Ordering
In this subsection, we present a simple but suboptimum ordering that requires a less computation. Note that
= min sm =xi
is the difference between the shortest distance and the second shortest distance from y i normalized by ||w i || 2 N 0 . Since the lower bound on the error probability decreases monotonically with Λ i,m * , we propose cancelling in order of Λ i,m * . This will be referred to as simplified LLR-based ordering.
Envelope-based Ordering
For equi-energy signaling such as MPSK or MFSK, |s m | 2 = |x i | 2 for all m and i, and thus (25) can be further simplified as
Then, it follows from the relation
that we obtain This will be referred to as the envelope-based ordering, because |y i | is the envelope of y i (t).
SNR-based Ordering
Since the SNR for symbol x i is proportional to |x i | 2 /||w i || 2 , the SNR-based ordering proceeds in order of |x i | 2 /||w i || 2 . For equi-energy signaling |x i | 2 is a constant, so the detection proceeds in order of 1/||w i || 2 .
Maximum Likelihood Decoding
The optimum decoding method that minimizes the error probability is maximum likelihood (ML) decoding where the receiver compares all possible combinations of symbols which could have been transmitted with what is observed:
However, the complexity of ML decoding becomes prohibitive when many antennas or high-order modulations are used.
VI. SIMULATION RESULTS AND DISCUSSION
In this section, we present several simulation results in Rayleigh flat fading channels. Figure 2 shows the average bit error rate (BER) versusĒ b /N 0 per receive antenna for BPSK with conventional SNR-based ordering and proposed LLR-based ordering. We find that the proposed LLR-based ordering provides a power gain of 5dB over the conventional SNR-based ordering for N T = N R = 4 and the power gain increases with increasing number of antennas. Also, the BER with the proposed LLR-ordering that employs four Tx and Rx antenna pairs (4x4) is virtually identical to that with the conventional SNR-ordering that employs eight Tx and Rx antenna pairs (8x8), thereby providing a significant saving in implementation complexity. Figure 3 is a plot of average BER versusĒ b /N 0 per receive antenna for different number of receive antennas, N R . We find that as N R increases the slope becomes steeper for both LLRand SNR-based ordering and their average BERs converge. This is due to an increase of diversity order with increasing N R . Fig. 4 shows the average bit error rate (BER) versus E b /N 0 per receive antenna for QPSK with several detection ordering rules. We find that simplified LLR-based ordering and envelope-based ordering, which require a much less computation than the LLR-based ordering, provide a performance virtually identical to the LLR-based ordering. In fact, the envelope-based ordering performs slightly better than the LLR-based ordering. This is because the LLR-based ordering that minimizes P (x i = x i ) does not necessarily cancels the component causing the highest interference for the remaining symbols, i.e. max i ||h i || 2 in (5). Also, shown is the performance with ML decoding, which allows extraction of some diversity gain. Note that this benefit comes at the cost of receiver complexity. Fig.5 is a plot of average BER versusĒ b /N 0 per receive antenna for different constellation sizes. We find that the power gain provided by the LLR-based ordering over the SNR-based ordering decreases as the constellation size M increases. This is because M m=1 e −Λi,m in (17), representing the unreliability measure for the LLR-based ordering, increases with increasing M , whereas the SNR, reliability measure for SNR-based ordering, does not depend on M . Also, we note that BPSK provides a lower average BER than QPSK. This is because the ordering for QPSK is updated for each symbol (two bits), whereas for BPSK the ordering is updated for each bit. Therefore, BPSK should provide a lower average BER than QPSK.
VII. CONCLUSION
In this paper we proposed a new detection ordering for the V-BLAST. The main idea is to detect and cancel sub-streams in order of the magnitude of log-likelihood ratio (LLR). The motivation is that the reliability of data decision increases with increasing magnitude of LLR. As a result, the error propagation associated with a wrong decision and the resulting error probability for the remaining sub-streams can be minimized. We showed that the proposed LLR-based ordering significantly outperforms the conventional SNR-based ordering. The BER with the LLR-based ordering that employs four Tx and Rx antenna pairs (4x4) is shown to be virtually identical to that with the conventional SNR-based ordering that employs eight Tx and Rx antenna pairs (8x8), thereby providing a significant saving in implementation complexity. We also presented simplified LLR-based ordering and envelope-based ordering that require a much less computation, but provide a performance virtually identical to the LLR-based ordering.
APPENDIX A
In this appendix, we show that the bit error probability, P e (R), with the MAP decision for a given observation R is given by
is the log-likelihood ratio (LLR). Moreover, the relationship in (31) is true for any binary signals in any channel.
Proof: It follows from (32) and P (x = +1|R) + P (x = −1|R) = 1 that P (x = +1|R) = 1 1 + e −Λ(R)
and P (x = −1|R) = 1 1 + e Λ(R) .
By definition, P e (R) = P (x = x|R) (35) = P (x = 1, x = −1|R) + P (x = −1, x = 1|R) wherex is the detector output. If Λ(R) > 0, i.e.x = 1, then since P (A, B|R) ≤ P (A|R) or P (B|R), 
Since, for Λ(R) > 0, P e (R) is upper and lower bounded by the same quantity, then P e (R) = 1 1 + e Λ(R) .
If Λ(R) < 0, we can similarly show that P e (R) = 1 1 + e −Λ(R) .
As a result, P e (R) = 1 1 + e |Λ(R)| . 
